Introduction
In response to the President's request, NASA has begun examining ways in which we would first establish permanent *Distinguished Research Associate.
operational bases and astronomical laboratories on the lunar surface and would then transport an inhabited spacecraft to Mars and return.
Both the financial costs and the financial risks of carrying out these ventures loom large.
New technologies are frequently cited as the means for reducing both these costs and risks of mission execution, but the new technologies themselves introduce additional costs and risks. How do we balance those costs and risks? How do we exploit advancing technologies in order to reduce both program costs and risks to personnel while simultaneously limiting the costs and risks of the advancing technologies themselves? I will strive to address that important issue, the approach representing my view alone and not necessarily that of the Lewis Research Center.
Ill large part, I propose that we take a broad, overall view of the entire SEI program. In shaping that program, we should choose each new technology or capability for its contribution to the entire program, pruning from the program those elements of limited utility.
For example, we should not return to the Moon for a brief daytime visit; we already did that in the Apollo program, with only minimal contribution to future long-term stays on the lunar surface. Now we look toward permanent laboratories and bases on the lunar surface, so we should get under way those enabling programs that will lead to the new capabilities required, that is, the capabilities for continuous residence on the Moon, In choosing concepts for, say, power generation or propulsion, we should display similar vision and judgment. The concepts we select, develop, and employ should themselves have breadths of application extending from LEO to low lunar orbit (LLO), to the surfaces of the Moon and Mars, and to transportation to Mars and return.
During merely daytime visits to the Moon, for example, we could rely on arrays of solar photovoltaic cells as our principal power source. But because merely daytime visits are deadend missions, I recommend against that approach. For continuing operation of any significant base or laboratory throughout the lunar night which lasts almost 15 Earth-days, nuclear power is a sine qua non. Thus, my recommendation is to leapfrog solar power on the Moon and instead to start on the path for which each step is constructive because it will carry us closer to our goal of long-term use of the lunar surface, and that, in my mind, requires nuclear power.
Several reasons are crucial in my recommending this approach: If we avoid a multiplicity of approaches, we will save both time and money. No one will argue with my claim that development of such a solar powerplant would consume both time and money, and that a mission for merely daytime visits would itself consume more of both. Thus, we will all agree that skipping the photovoltaic powerplant and the daytime visits would save us both time and money. But I believe that the risks to the personnel involved will also decrease if we forgo the photovoitaic approach.
If, for a given total expenditure, we focus our efforts on the necessary nuclear powerplant, that powerplant will be more highly developed and thus more reliable and enduring than it otherwise would.
Beyond the Moon, we also have the same responsibility for planning missions to Mars. We must plan the lunar missions so as to create, to rely on, to exploit, and to validate the very concepts that we will need for our flights to Mars, just as we must require of the Space Station the demonstration and exploitation of the subsystems, such as the powerplant, needed on the Moon.
By taking a unified view of our current and future missions and, through that, by building on a successful past in order to guarantee our future, we ought to be able to reduce the risks and the costs of these future missions. We will also likely save a few lives in the process.
And, if we wisely choose the technologies we support, we will still be able to realize performances close to the best achievable. My approach to this paper is to accept the responsibility for delineating just such a programmatic path for power generation for the SEI missions.
In my view, the keys to successful exploitation of the new technologies are the following:
( I ) After assessing the potential of a concept for improved performance and wide application, introduce margirl_; in design in order to reduce programmatic risks. This should reduce the time, the money, and the risks for successful development.
(2) Exploit the concept in a vadetv of anniications, showing through actual service in space the concept's performance, durability, and reliability.
(3) During a period of successful utilization in space, evolve the con¢cp_ toward its performance potential through successive reduction of the design margins introduced at the program's start.
In addition, we might be wise enough to choose a technological path that, although extending from a modest beginning to a grand and glorious future, does so in a succession of modest steps, each of modest risk and cost. Such an achieve- and of continuous occupation of laboratories on ihe iunar surface_ Even for transport of cargo to either GEO or LLO via NEP, the time of transport is an important measure of merit, along with the mass of the payload itself. Both time of transport and payload mass will therefore receive equal emphasis herein.
Two modes of transport of cargo are evident: one-way trips and roundtrips.
Both will be considered.
SP-IO0
In this nuclear powerplant, the nuclear reactor produces 2500 kW of heat (kWt) and thereby heats a pumped stream of molten lithium to 1350 K, the lithium transporting its sensible heat to a power-generating system. 
Brayton + 2500-kWt Reactor
Inasmuch as the mass of SP-100's nuclear heat source is 3049 kg, specific mass of that 100-kWe powerplant mnst exceed 30 kg/kWe even if the thermoelectric power generator had no mass at all. In exploiting this reactor and its large investment of time and money, the key to reduced specific mass is, of course, to increase the efficiency of power generation. With its overall efficiency of the order of 0.3 for power generation, Brayton offers the potential to produce about 700 kWe from this same nuclear heat source and thereby to markedly cut specific mass. In addition, each kilowatt of output is "valuable in its own right, and a 700-kWe powerplant will obviously produce seven times the beneficial product of a 100-kWe powerplant. 
II50-K Brayton
Reference I is my point of departure for assessing Brayton power generation, a design study of 400-kWe nuclearBrayton powerplants based on nuclear heat sources supplied by Los Alamos National Laboratory; inasmuch as these nuclear heat sources had substantially lower mass than cited above for SP-100, I w ill instead use the 3049 kg for the nuclear heat source of SP-100, just as for thermoelectric power generation above. In directing this contracted study, 1 JPL specified to their contractor that the Brayton components be designed for In the absence of a specified power demand, my attention focusses £_rst on the minimum specific mass. Next I contemplate points to the right of this minimum, trading off specific mass in order to obtain still higher powers.
In preparing this plot, I considered a range of recuperator effectiveness, the value chosen for Fig Besides these payloads, the 700-kWe powerplant would also be boosted to GEO, so some fraction of its power output and its mass might be useful additions to these payloads. The power'plant performance that results is shown by Fig. 4 through use of the SP-100 nuclear heat source at its full potential of 1350-K reactor-outlet temperature. Specific mass reaches its minimum of about 13 kg/kWe at 750 kWe. In my choice of 0.92 for recuperator effectiveness, I opted for increasing power output to 850 kWe; at this power level, the effectiveness of 0.92 produces the minimum specific mass of 13.6 kg/kWe, and overall powerplant efficiency is then 0.34. By increasing operating temperatures, we gain in both power output and specific mass; the 850-kWe output is a 750-percent increase over that from the thermoelectric power generator, and specific mass is decreased by 75 percent.
For boosting payloads to GEO, an NEP truck exploiting this Brayton powerplant could operate on either one-way or roundtrips.
Inasmuch as one-way trips were shown in days. Optimum specific impulse for these missions ranges from 3 000 to 15 000 sec.
In 100 days, 16.8 tons of payload can be boosted to GEO, less than half of what can be delivered on one-way trips (Fig. 3) . The anticipated benefit offsetting this reduction in payload per trip is that the NEP truck would be fully reusable and thus would continue to shuttle between LEO and GEO, making many roundtrips.
If the roundtrips were spaced just 6 months apart and continued for 10 years, then a total of 336 tons of payload would be boosted to GEO by one NEP truck over that 10-year span, this being over 5 times the payload delivered on a one-way trip in Fig. 3 .
The payload fraction is also of interest ( 
Power on the Lunar Surface
Nuclear powerplants developed and applied in these ways can also be installed on the lunar surface in order to supply 
NEP To LLO
NEP of cargo to the Moon has the potential to be a low-cost way to provision continuously-inhabited laboratories on the lunar surface.
As we shall see, such an NEP truck can also utilize the high powers and thereby qualify the powerplants for later flights of cargo and/or personnel to Mars. For the higher powers we will need, the current SP-100
reactor is inadequate, so we asked the SP-100 system contractor to study high-power application of the technology for the SP-100 nuclear reactor.tU In this study, conceptual designs for the nuclear heat sources were created for thermal outputs of 10 and 50 MWt. I then interpolated among the 2.5, 10, and 50-MWt designs by assuming that mass of the nuclear heat source varies geometrically with its heat output.
As a means for increasing performance of these reactors and their associated powerplants, the body of data on the refractory-metal alloy ASTAR-811C (Ta-8W-IRe-0.7Hf-0.025C) 
Preparing for Missions to Mars
Before actually sending people to Mars, we need to gain confidence in all of the means required for doing just that.
Even in the near term, we can begin programs that, although useful in their own rights, will give us the requisite confidence to launch on such a mission.
Extremely valuable precursors of missions to explore Mars, both inhabited and uninhabited, would be applications of nuclear power andNEPforboosting payloads to GEO and then during the lunar missions, whether on the lunar surface itself or for transporting very large payloads to LLO. A crucial factor in this suggested program plan is the manner in which such a venturesome future could be built on a successful past.
At each stage of the program, knowledge and experience gained from a succession of program steps, each of low cost and low risk, will give us confidence in the success of each succeeding step. This confidence of success is broader than simply confidence of successfully completing a given mission, but also includes our abilities to plan programs whose costs, schedules, and performance are predictable. Consider, for example, the following successive program steps.
Through direct use of the current SP-100 reactor with its output of 2.5 MWt, Brayton power generation can produce 800 kWe. Use of power modules of, say, 100 kWe apiece would permit ready adaptation of the powerplant to various demands for power, eclipsing thermoelectric power generation. Our confidence in the SP-100 reactor program can also be increased by adding a 150-K margin in reactor operating temperature;
even at this reduced operating temperature, Brayton powerplant specific mass of ! 7 kg/kWe is achievable (Fig. 2) . Evolution of the reactor to its design operating temperature of 1350 K would reduce specific mass of the Brayton powerplant to 13 kg/kWe (Fig. 4) , about one-fourth the specific mass predicted for the thermoelectric powerplant.
This powerplant, whether at its original or evolved turbineinlet temperature, would be extremely valuable in boosting payloads to GEO, initially on one-way and later on roundtrips between LEO and GEO. That same NEP truck could also transport observation equipment to the Moon and to Mars for detailed mapping of their surfaces, thereby making early contributions to the SEI program.
In support of the program on space science, NEP exploiting this powerp!ant would also enable difficult missions to the outer planets (Neptune, for example), to comet rendezvous, and out of the ecliptic plane.
A high-power version of that same powerplant could provide I0 to 25 MWe ofeiectric power. (The feasibility of these power levels in space is evident in terrestrial applications of Brayton-cycle gas turbines, which routinely generate 10 to 200 MWe of power in central power stations.) Inasmuch as the best power levels for missions to the Moon and to Mars will not be accurately known until we are closer to actual mission execution, the powerplant itself could be modular in its construction so as to provide for ready adaptation to specific mission needs. This modularity would also give to the powerplant a resilience making its performance tolerant of failure and contributing to both successful completion of the mission and to survival of the flight personnel.
These high-performance powerplants could provide these high powers either in space or on the surface of celestial bodies. Exploitation of these powerplants in an NEP space truck would also permit transportation of very large and massive payloads either to low lunar orbit or to orbit about Mars, both one-way and roundtrips being feasible. At present, that same concept must also be viewed as competitive for travel of people to orbit about Mars and return. Reactor-Brayton power generation has thus the capacity to generate a wide range of powers extending from 100s of kilowatts with the current SP-100 reactor to 10s of MWe with redesigned, growth versions of this reactor. Progressive evolution of that single concept in a diversity of applications can give us the confidence we need in order to advocate and to carry out the SEI missions. In contrast with this potential, thermoelectric power generation is a virtual dead end because it is limited to only the very smallest powers ( 100 kWe or so). When we contemplate these extended missions to the Moon and to Mars, how we might plan and execute them with confidence and how we might protect the personnel involved, we ought also to ask how the Space Station can provide the answers we seek. To a substantial degree, the program for the Space Station should be reshaped not only to provide some of these answers but also in order to diminish the risks to which the participating personnel will be subjected during the missions to the Moon and to Mars.
Exploitation
CONCLUDING REMARKS If, as herein proposed for power generation, we emphasize and pursue, even for the earliest missions, the thruster concept having the greatest benefit to the SEI missions, then we should exploit the ion thrusters for all three of these applications, in that way, we could gain for the thrusters the same confidence in their performance and durability as we would for the power generating systems. 
